Abstract: The synthesis of norcadinane sesquiterpene tetrahydrokhusitone 1 has been achieved by a new method for annulation of cyclohexane ring involving a sequence of free radical d-alkylation of the non-activated carbon atom and intramolecular carbanionic alkylation. (-)-Menthol was used as the starting compound.
Herein a new synthetic method for the construction of the cyclohexane ring by tandem of free radical alkylation of the non-activated d-carbon atom 5 and a subsequent intramolecular carbanion cycloalkylation 6 was applied for the construction of the bicyclic skeleton of 14-norcadinane derivatives.
The synthetic approach to the khusitone skeleton, by application of our annulation method was conveniently realized using (-)menthol 3 as starting compound (Scheme 2).
(-)-Menthol was converted to the (-)-menthyl benzenesulfenate ester 4 by reaction with phenylsulfenyl chloride (Scheme 3). 7 (-)-Menthyl benzenesulfenate 4 is a good precursor of the menthyloxy radical intermediate, necessary for the free radical alkylation of the non-activated methyl group of the side isopropyl group. Introduction of the functonalized alkyl chain onto the non-activated methyl group was achieved in the reaction of (-)-menthyl benzenesulfenate 4 with tributyltin hydride in the presence of 10 molar equivalents of methyl vinyl ketone, under irradiation conditions. 5 Thus, in the key step of this synthesis of tetrahydrokhusitone, the hydroxy ketone 5, as a synthetic intermediate, was isolated in 32 % yield.
In the hydroxy ketone 5 procarbanionic (electron donor) and procarbocationic (electron acceptor) carbon atoms are suitably disposed for intramolecular alkylation and cyclohexane ring closure. Thus, the hydroxy group in the alkylated poroduct 5 was transformed to the corresponding p-toluenesulfonate ester 12 (Scheme 4). In the subsequent reaction of the tosylate 12 with sodium hydride in dimethoxy ethane, under equilibrium reaction conditions, the corresponding enolate anion 13 was formed. It was expected that the intramolecular alkylation may occur with closure of a new cyclohexane ring, possessing an exocyclic acetyl group. However, an elimination reaction rather than a cycloalkylation reaction occurs and the unsaturated ketone 14 was obtained as the only reaction product. The intramolecular alkylation of the keto tosylate 12 is a S N 2 type of reaction, however the stereochemistry of the keto tosylate, possessing a bulky toluenesulfonyl group in the equatorial position, does not allow the side chain to adopt the conformation necessary for substitution of the tosyl group by a nucleophilic carbon atom and elimination of the proton from the adjacent tertiary carbon atom occurs instead.
In order to achieve the cycloalkylation reaction leading to the tetrahydrokhusitone skeleton it was necessary to adjust the stereochemistry of the hydroxy group for realization of the intramolecular substitution reaction (S N 2 type). In hydroxy ketone 5 it was necessary to epimerize the equatorial hydroxy group into an axial hydroxy group and thus set up the leaving group in the axial position.
Inversion of the stereochemistry was achieved by a modified Mitsunobu reaction via the p-nitrobenzoate ester. 8 The d-alkylated product 5 was treated with p-nitrobenzoic acid in the presence of triphenyl phosphine and diethyl azodicarboxylate. Under these conditions, esterification with isomerization takes place, and 6-[(1S, 2S, 4R)-2-(p-nitrobenzoyloxy)-4-methylcyclohexyl]-heptan-2-one (6) is obtained in 82 % yield. Hydrolysis of the p-nitrobenzoate ester 6 under basic conditions gives the epimerized hydroxy ketone 7 (97 %) with an axial hydroxy group. In the reaction of 7 with methanesulfonyl chloride in the presence of pyridine, the corresponding mesylate ester 8 was obtained (Scheme 3). The enolate anion 15, derived from the epimerized oxygen function of the keto mesylate ester with the appropriate stereochemistry and an axial leaving group, undergoes intramolecular substitution to give the tetrahydrokhusitone 1 in 53 % yield (Scheme 5). In addition to the bicyclic product, the unsaturated ketone 14 was also formed in 34 % yield as a product of elimination.
It is well known that the intramolecular cycloalkylation reaction is less favourable when the leaving group (i.e., the sulfonate ester group) is attached to a secondary carbon atom and in such cases the elimination reaction becomes a serious side reaction.
The stereochemical course of the cycloalkylation reaction involves the inversion of the configuration of the procarbocationic carbon atom and the two cyclohexane rings, in the bicyclic system 1 are trans-jointed. The side acetyl group is at the more stable equatorial position. The 11-methyl group retains the equatorial position as in the starting (-)-menthol. A new chiral center at the C10 carbon atom is formed in the free radical alkylation of the (-)-menthyl benzenesulfenate and the ratio of the isomers with equatorial 15-methyl group (10R) and axial 15-methyl group (10S) is 5 : 1.
The prepared tetrahydrokhusitone 1 may be considered as a synthetic intermediate in the synthesis of 14-norcadinane derivatives. This synthetic methodology for construction of the 14-norcadinane skeleton, involving a free radical and ionic squence of reactions, offers a new approach for the synthesis of a number of norcadinane and cadinane derivatives possessing a variety of functional groups. In Scheme 6 the synthetic routes of some terpenes possessing a norcadinane or cadinane structure are illustrated.
EXPERIMENTAL
The solvents used in all of the experiments were purified by distillation before use (benzene distilled over calcium hydride and dichloromethane over phosphorus pentoxide). Purifications and separations of the reaction products were carried out by distillation and column chromatography using silica gel 100-200 mesh (60 Å) and by dry flash chromatography using silica gel (60 Å). The reactions were monitored by TLC using silica gel (TLC 60 Å) or by GC (Varian 3400, column OV-101 1 % on Chromosorb W-AW). IR spectra (n max in cm -1 ) were recorded on a Perkin-Elmer 457 grating instrument. 1 H-NMR spectra (ppm in d-values) were recorded (in CDCl 3 ) at 200 MHz, using a Varian Gemini 200. 13 C-NMR spectra were recorded on the same instrument at 50 MHz. Mass spectra were recorded on a Finnigan ITDS 700 instrument.
(1R,2S,5R)-2-Isopropyl-5-methylcyclohexyl benzenesulfenate [(-)-menthyl benzenesulfenate] (4)
A mixture of (-)-menthol (3.0 g, 19.2 mmol) and triethylamine (4.8 g, 48.0 mmol) in dichloromethane (140 ml) was cooled to -78 ºC, in an argon atmosphere and benzenesulfenyl chloride (3.3 g, 23.0 mmol) was added with stirring during 10 min. The reacting mixture was then stirred at the same temperature for an additional 40 min. The mixture was left to attain room temperature and then dichloromethane (400 ml) was added. The resulting solution was washed successively with 2 M hydrochloric acid (50 ml), saturated aqueous sodium bicarbonate (50 ml) and water. The solution was dried over anhydrous Na 2 SO 4 and solvent was evaporated under reduced pressure. The residual yellow-green oil was distilled under reduced pressure and 4. 
6-[(1S,2R,4R)-2-Hydroxy-4-methylcyclohexyl]-heptan-2-one (5)
A solution of (1R,2S,5R)-2-isopropyl-5-methyl-cyclohexyl benzenesulfenate [(-)menthyl benzenesulfenate] (4) (0.73 g, 2.25 mmol), methyl vinyl ketone (1.93 g, 27.5 mmol) and tributyltin hydride (0.80 g, 2.75 mmol) in benzene (220 ml) in an argon atmosphere was irradiated, at room temperature using a 125 W high pressure mercury lamp during 2 h. The benzene was evaporated under reduced pressure and the residual oil dissolved in ether (100 ml) and the resulting solution was treated with 7.5 % aqueous solution of sodium fluoride (20 ml) and stirred overnight. The mixture was filtered, the ethereal solution was separated and the water solution was extracted with ether (3´20 ml). The combined solutions were dried over anhydrous Na 2 SO 4 . The ether was evaporated and the oily residue was purified by chromatography on a silica gel column using petroleum ether, petroleum ether/acetone 95 : 5, and petroleum ether/acetone 9 : 1, successively. 
6-[(1S,2S,4R)-2-(p-Nitrophenylcarbonyloxy)-4-methylcyclohexyl]-heptan-2-one (6)
To a solution of 6-[(1S,2R,4R)-2-hydroxy-4-methylcyclohexyl]-heptan-2-one (5) (0.163 g, 0.72 mmol), triphenylphosphine (1.13 g, 4.31 mmol) and p-nitrobenzoic acid (0.72 g, 4.31 mmol) in benzene (14 ml) was added slowly with stirring diethyl azodicarboxylate (0.75 g, 0.67 ml, 4.31 mmol) at room temperature and in an argon atmosphere. The esterification was completed in 6 h; silica gel (3 g) was added to the mixture and from the resulting suspension the benzene was evaporated. The residual powder was transferred onto a silica gel column and eluted with petroleum ether, petroleum ether/acetone 95 : 5, successively. The title compound 6 was obtaind in 82 % yield (0.22 g) as an oily mixture of two (6R and 6S) diastereoisomers in the ratio of 1 : 3. 
6-[(1S,2S,4R)-2-Hydroxy-4-methylcyclohexyl]-heptan-2-one (7)
6-[(1S,2S,4R)-2-(p-Nitrophenylcarbonyloxy)-4-methylcyclohexyl]-heptan-2-one (6) (0.21 g, 0.57 mmol) was dissolved in methanol (1.1 ml) and tetrahydrofuran (0.25 ml) and then an aqueous solution of potassium hydroxide (0.13 g, 2.3 mmol in 0.2 ml of water) was added. The mixture was stirred at room temperature for 30 h. Ether (150 ml) was added to the reaction mixture and washed with 2 M hydrochloric acid, saturated aqueous sodium chloride and the resulting solution was dried over anhydrous Na 2 SO 4 . The ether was evaporated and the residual oil was purified by dry flash chromatography on a silica gel column using petroleum ether/acetone 95 : 5. The isomerized hydroxy ketone 7 was obtained in 97 % yield (0.125 g) as a colorless oil containing the 6R and 6S diastereosisomers in the ratio of 1 : 3. 
6-[(1S,2S,4R)-2-Methanesulfonyl-4-methylcyclohexyl]-heptan-2-one (8)
To the solution of hydroxy ketone 7 (45 mg, 0.20 mmol) and pyridine (0.114 g, 1.4 mmol) in dichloromethane (2 ml), cooled to 0 ºC, methanesulfonyl chloride (91.3 mg, 0.79 mmol) was added dropwise during 3 min. The mixture was stirred for 15 h at room temperature to complete the reaction. The solvent was evaporated and the residue was dissolved in ether (150 ml). The solution was washed successively with water, 1.5 M hydrochloric acid, saturated aqueous solution of sodium bicarbonate and water and dried over anhydrous Na 2 SO 4 . The ether was removed by evaporation to give the pure title compound 8 as a viscous oil in quantitative yield (61 mg). The mesylate 8 was obtained as a mixture of the 6R and 6S diastereoisomers in the ratio of 
{(1S,4R,6R,7R,10R+10S)-4,10-Dimethylbicyclo[4.4.0]dec-7-yl}ethanone (1). Tetrahydrokhusitone
The mesylate 8 (30 mg, 0.098 mmol) was dissolved in dimethoxy ethane (1.5 ml) and then clean sodium hydride (9.4 mg, 0.39 mmol) was added at room temperature in an argon atmosphere. The mixture was stirred and heated to 80 ºC during 20 h. After the reaction was completed, ethanol was added to react with the excess sodium hydride. Water (2 ml) was added to the mixture and extracted with ether (3´25 ml). The combined ethereal solutions were washed with saturated aqueous sodium chloride and dried over anhydrous Na 2 SO 4 . The ether was evaporated and the oily residue purified by preparative TLC chromatography using petroleum ether/acetone 97.5 : 2.5 as the eluent. 3 .
In addition to the tetrahydrokhusitone 1 as the cyclization product, 7 mg (34 % yield) of 6R and 6S [(4R)-4-methyl-1-cyclohexenyl]-heptan-2-one 14 was isolated as a colorless oil. These olefinic compounds are a product of the elimination reaction and have the same 1 H-NMR spectra as the product obtained in the reaction of the tosylate 12 with sodium hydride.
6-[(1S,2R,4R)-2-p-Toluenesulfonyl-4-methylcyclohexyl]-heptan-2-one (12)
To a solution of 6-[(1S, 2R, 4R)-2-hydroxy-4-methylcyclohexyl]-heptan-2-one (162 mg, 0.72 mmol) in dichloromethane (2 ml) and pyridine (160 mg, 2.1 mmol), p-toluenesulfonyl chloride (163 mg, 0.72 mmol) was added. The reaction mixture was stirred at room temperature for 12 h after which time the reaction was completed. The mixture was worked up by the standard procedure, the solvents were evaporated and the oily residue purified by chromatography on a silica gel column using petroleum ether/acetone 95 : 5 as the eluent. The title tosylate 12 was obtained in 82 % yield (220 mg).
6-[(4R)-4-Methyl-1-cyclohexenyl]-heptan-2-one (14)
The tosylate 12 (0.2 g) was dissolved in dimethoxy ethane (3 ml) and then a clean solution of sodium hydride (45 mg) was added at room temperature under an argon atmosphere. The mixture was stirred and heated to 80 ºC for 20 h.Ethanol was added to react with the excess sodium hydride. Water (5 ml) was added to the mixture and extracted with ether (3´30 ml). The combined ethereal solutions were washed with saturated aqueous sodium chloride and dried over anhydrous Na 2 SO 4 . The ether was evaporated and the oily residue purified by preparative TLC using petroleum ether/acetone 97.5 : 2.5 as the eluent. The unsaturated ketone 14 was isolated as the only reaction product and identified by 1 
